Regular 2D rectangular lattices of permalloy nanoparticles (40 nm in diameter)
Introduction
There is a great interest to magnetic nanoparticles nowadays. The attention is focused on the single-particle magnetization state. Now it is well known that competition between the magnetostatic and exchange energy in a very small (∼20 nm) particle leads to a single -domain state. If the radius of the particle is sufficiently large, nonuniform distribution of magnetization has minimal energy. In isotropic magnetic particle it is a vortex. That particle was referred to as circular nanomagnet [1] . Nowadays such vortex distribution of magnetization in nanomagnets is under detailed investigation [2] . Such systems are considered as very perspective for use in RAM (Random Access Memory) devices [3] . It was obvious that distribution of magnetization in nanomagnets must depend on interaction between them.
One fundamental type of interaction, which can lead to collective behavior, is the magnetostatic interaction. On the other hand, the character of the interaction itself is determined by the magnetization state of the particle. In our work we experimentally investigate magnetization curves of regular lattices of Ni 3 F e nanoparticles for different external field orientations. As the result it is demonstrated that in the case of the anisotropic (rectangular) lattice the magnetization distribution within individual particle during magnetization reversal process depends on the external field orientation to the lattice axis. It is a consequence of the interplay of the interparticle interaction and single particle state. Particles can be both at single-domain and vortex state at zero field. The appearance of the magnetization vortices leads to appearance of the remanent magnetization while magnetizing perpendicular to the system easy axis. The occurrence of such effect was explained on the basis of the model of two magnetostatically interacted nanomagnets. accordingly. The difference in the magnetization curves indicates the collective behavior of the system, which is the result of the magnetostatic interaction between particles. The hysteresis if the field directed at θ = 45
• , φ = 0 • (Fig. 3) is the attribute of the easy axis of the magnetization which is directed along the short side of the rectangle cell. The remanent magnetization is absent in this case. The existence of such anisotropy in the dipole system was theoretically predicted [7, 8] .
The magnetization curves if the field directed at θ = 0 • .
θ = 45
• , φ = 90
• , their existence were unexpected. The effect can not be explained by the single particle properties. In this case the remanent magnetization must exist for the every direction of the magnetic field.
The first sample was investigated at T=77K also. The hysteresis with the field directed at θ = 45
• , φ = 0 • did not be observed. The hysteresis with the field directed at θ = 0
• was qualitatively changed (Fig. 5) .
We suppose that the observed behavior of the system is connected with the fact that the particles of the examined dimension can be in two states. First is a single domain state, the second is a state with magnetization distribution as a vortex.
In this case the core of the vortex is magnetized perpendicularly. The interplay of the lattice anisotropy and the anisotropy of dipole interaction between particles leads to the following. The particles turn to be in the single domain state if the external field has the component directed along the particle chains. In this case the interaction within chain has the ferromagnetic character and therefore stabilizes the single domain state. On the other hand, if the system is demagnetized within Figure 5 : The changing of the magnetization curve hysteresis with the temperature: the thin line for 4.2 • K, the thick one for 77
the field perpendicular to the chains the dipole interaction has antiferromagnetic character within the chain and the particles turns to be in the vortex state. As core magnetization has its own coercivity, all cores are ferromagnetically ordered and the system has the remanent perpendicular magnetization. We perform numerical simulation to approve these suggestions.
Numerical simulation
Let us consider two magnetostatically interacting nanoparticles for simplicity. This model allows to investigate the magnetization distribution within particle in the anisotropic system with interaction. Really, due to fast dipole interaction decrease we may not to take into consideration the interaction between particles from different chains in the case of the 1:2 rectangular lattice. Let as consider the single particle of the appropriate sizes (radius is 50nm, height is 10-20nm) at first. The distribution of magnetization in such particle is driven by Landau-Lifshitz-Hilbert (LLH) equation
where γ is the gyromagnetic ratio, M s is the saturation magnetization, α is the dimensionless damping parameter. The effective magnetic field H(r, t) in (1) anisotropy, H e is the exchange field within a particle and H T is the random field defined by the thermal fluctuations. To define the expression for magnetic field it is necessary to consider the energy of particle state as a functional of the magnetization distribution. Then the regular component of magnetic field is a variation derivative of the energy with respect to the magnetization. The energy functional is the sum of demagnetization, anisotropy and exchange energies, where
V, ∂V is the volume and surface of particle, n is the unit vector of external normal to the surface at current point, r = (x, y, z) is space variable; K and ν is the constant and direction of anisotropy; J is the constant of exchange interaction.
After discretization the corresponding expressions for magnetic field are:
HereD h is discrete analog of the dipole tensor, J and K is exchange and anisotropy constants, ν is the anisotropy axis vector, h is a particle thickness and a is the discretization scale. It is necessary to add the random component to the field to take into account the thermal fluctuations in the system. The field of thermal fluctuations is the "white noise" in space and time, i.e., the random Gauss function
The dependence of dispersion σ on temperature T is determined by the fluctuation-dissipation theorem,
The random field value depends on time step, and
ξ(ρ, t), where ξ(ρ, t) is a set of independent standard random Gauss three-dimensional vectors.
Note that such an approach to solve stochastic LLH equation is well known and widely used in magnetic simulation [9, 10] .
The explicit Euler method was used to solve the stochastic differential equation (1) . The numerical scheme is represented in detail in other our article [11] .
Let us now discuss some results of numerical experiments. First of all, for one cylindrical particle we find that the vortex magnetization state becomes ground state only when the height and radius of cylinder exceed some critical values. This fact was pointed out earlier in [12] . Up to the differences appearing due to the different particle shapes, our results are in good agreement with the ones presented in [12] , and it is a good confirmation of the reasonability of our model. Two different cases was considered: first, when the projection of external magnetic field on the (x, y) plane has only x-component, and second, when this projection has only y-component. In both cases the angle between the field and the z-axis is equal to 45
• . Diameters of the particle are 50nm, height is 18nm, distance between the particle centers is 50nm (a=1.25nm, ∆t = 10 −4 ns). The corresponding z-magnetization curves are presented in Fig. 7 . The hysteresis loop in the last curve (Fig. 7) is the result of vortex penetrating into the particles at some value of applied field.
In contrast with this situation, the magnetization state remains quasi-homogeneous at all values of external field when its projection has only x-component, and as a consequence, the z-magnetization curve has no a hysteresis loop (Fig. 8 ). 
Discussion
The fact suggests the following mechanism for the appearance of remanent magnetization with the external field orientation perpendicular to the particle chain. If the external magnetic field has component parallel to the particles axis, the magnetostatic interaction between particles decreases the total energy of the system and the remanent (H = 0) state is uniform. The perpendicular component of magnetic moment is absent as well as in experiment. In the case when the external magnetic field is perpendicular to the chains, magnetostatic interaction increases the total energy of the system. In order to decrease the magnetostatic interaction, distribution of the magnetic moment of the particle takes the vortex form. As discussed earlier, this vortex has a nonzero magnitude of remanent z -magnetization.
Besides there are fundamental changes in the magnetization curve of a rectangular unit cell sample occurring when the sample temperature is raised to 77K. It points to the fact that thermal fluctuations play a significant role in the system, as T c of bulk permalloy is 885K. It is possible that this effect is determined by noise - induced switching between vortex states with different polarization [13] . If the coercivity of the core become less than the antiferromagnetic magnetostatic interaction between cores the remanent magnetization on the system will be equal to zero. This hypothesis requires further theoretical investigation.
So it is shown that the interaction in the regular 2D rectangular lattice of nanoparticles can play a significant role. The interplay of anisotropy of magnetostatic interaction and lattice anisotropy determines the state the particles turns to be. It can be both vortex and single-domain state. Due to possibility of the vortex state existence, the system can have remanent magnetization directed perpendicularly to the system plane.
